Abstract-Due to the nature of salient poles in both the stator and rotor, the doubly salient permanent-magnet (DSPM) motor suffers from severe torque ripples. In this paper, the torque ripple of DSPM motors is analyzed, and the torque ripple factor is newly derived. A new approach, namely the conduction angle control, is proposed to minimize the torque ripple. Moreover, the genetic algorithm is employed to optimize the corresponding control angles. Computer simulation and experimental results are given to verify the proposed approach.
R
ECENTLY, a new class of brushless motors, termed the doubly salient permanent-magnet (DSPM) motor, has been introduced [1] , [2] . The DSPM motor incorporates the merits of both the PM brushless motor and the switched-reluctance (SR) motor. First, the PMs are located in the stator so that the possibility of irreversible demagnetization under high operating temperature can be eliminated, and the problem of mechanical instability can be solved. Second, the rotor is the same as that of the SR motor so that the advantages of simple configuration and mechanical robustness can be retained.
Since its advent, the development of the DSPM machine has taken on an accelerated pace. In [3] , nonlinear magnetic circuit analysis was proposed to facilitate its design and optimization. In [4] , finite-element analysis was employed to determine its static characteristics. In [5] , its design and performance as an automotive generator were revealed. In [6] , a split-winding arrangement was developed to extend its constant-power motoring range.
Similar to the SR motor, the DSPM motor suffers from severe torque ripples because of the nature of salient poles in both the stator and rotor. These torque ripples cause mechanical vibration and acoustic noise, which greatly affects its acceptability. Nevertheless, to the best of authors' knowledge, relevant investigations such as the formulation and minimization of its torque ripples are absent in literature.
In this paper, the torque ripple of DSPM motors will be analyzed. The key is to analytically derive the torque ripple factor; hence, proposing the conduction angle control to suppress the operating torque ripple. Then, the genetic algorithm (GA) will be employed to optimize the control angles in such a way that the torque ripple can be minimized. Throughout the analysis and experimentation, an 8/6-pole DSPM motor will be adopted for exemplification.
In Section II, the torque ripple of DSPM motors will be analyzed, hence, formulating the operating torque ripple. In Section III, the influence of conduction angles on the operating torque ripple will be revealed. In Section IV, the GA will be adopted to minimize the torque ripple.
II. TORQUE RIPPLE ANALYSIS
Similar to the SR motor, the DSPM motor exhibits severe torque ripples. There are three major categories of torque ripples.
• The operating torque ripple is due to the nature of doubly salient operation. It is present even at ideal conditions of operation.
• The practical torque ripple is due to the nonideality of the motor characteristics, such as the magnetic saturation, the fringing effect, the nonrectangular stator winding current, and the finite mutual inductances.
• The manufacturing torque ripple is due to the motor imperfection occurring during manufacturing, such as the asymmetry between positive and negative cycles within a phase, the asymmetry among different phases, and the eccentricity of rotating parts. Fig. 1(a) shows the configuration of a four-phase 8/6-pole DSPM motor, namely eight salient poles in the stator , six salient poles in the rotor , and two pieces of PMs located in the stator. Fig. 1(b) shows its theoretical operating waveforms of the PM flux linkage and stator winding current with respect to the rotor position .
A. Operating Torque Ripple
The system matrix equation describing the four-phase 8/6-pole DSPM motor is expressed as be written as ( , ) and , respectively. When both of them are considered to be spatially dependent only and independent of the stator winding current, it yields (2) Thus, the system equation given by (1) can be rewritten as (3) By employing the co-energy method, the expression of the total torque is obtained as (4) in which represents the reluctance torque component due to the variation of inductances, and is the PM torque component due to the interaction between the stator winding current and PM flux. By neglecting the mutual inductances of the motor, (4) can be decoupled among phases and the per-phase torque can be expressed as (5) where is the self-inductance of each phase winding. In order to assess the operating torque ripple, the torque ripple factor is newly defined as (6) where is the maximum value of the total torque, is its minimum value, and is its average value. Since the stator winding current is a rectangular waveform with a peak value , it can be expressed as (7) where is defined by otherwise. (8) Taking phase A as the reference, the torque production in phase B exhibits an angular difference of . This is actually the difference between the rotor pole pitch and the stator pole pitch . The torque production in subsequent phases exhibits a similar angular difference. At steady state, reaches the maximum at , where all per-phase torques are overlapping, whereas the minimum is at , where only two per-phase torques are overlapping. Thus, by substituting (7) and (8) into (4), the maximum total torque and minimum total torque can be deduced as (9) (10) Since the operating torques in different phases are the same, the average torque of the motor can be expressed as (11) where . By substituting (5) into (11), this yields (12) As shown in Fig. 1 , the average value of over is zero, and the average reluctance torque component in (12) is zero. Thus, becomes equal to the average PM torque component, and (12) can be rewritten as (13) Therefore, after substituting (9), (10), and (13) into (6), the expression of is obtained (14) There are some findings. 1) From (14), is related to . From (13), is proportional to . Since is equal to the summation of the load torque and the friction and windage torque , which is essentially constant, becomes dependent on . Thus, the operating torque ripple needs to be assessed under the same load torque. 2) From (14), is proportional to . Since , becomes inversely proportional to . Namely, the higher the number of rotor poles, the lower the torque ripple results. 3) From (14), is inversely proportional to , which linearly relates to the conduction angle . Thus, the conduction angle can be controlled in such a way to reduce or even minimize the torque ripple.
B. Other Torque Ripples
As mentioned before, there are other categories of torque ripples, namely the practical torque ripple and the manufacturing torque ripple.
First, the practical torque ripple is due to the nonideality of the motor characteristics. Fig. 2 gives a comparison between the ideal and practical PM flux waveforms of the DSPM motor. The corresponding discrepancy is mainly due to the fringing effect and the nonrectangular stator winding current. This discrepancy creates torque ripples.
Second, the manufacturing torque ripple is due to the motor imperfection during manufacturing. Fig. 3 shows a typical set of four-phase back electromotive-force (emf) waveforms of the DSPM motor. These waveforms are measured from a realistic motor. It can be seen that there is asymmetry between the positive and negative cycles of individual phases as well as asymmetry among different phases. These asymmetries result in torque ripples.
Different from the operating torque ripple, the above two categories of torque ripples will not be analyzed or formulated in this paper. Actually, both the practical and manufacturing torque ripples are very difficult to be modeled mathematically.
III. CONDUCTION ANGLE CONTROL
As shown in (14), is inversely proportional to which linearly relates to . Hence, the conduction angle can be controlled in such a way to reduce or even minimize the operating torque ripple. Thus, for a given , can be expressed as (15) 
A. Simulation Results
Before simulating the torque ripple waveforms, both and need to be determined. In order to obtain their variations with respect to , finite-element analysis of the aforementioned DSPM motor is conducted. Hence, the calculated back emf waveform at the rated speed of 1500 r/min is shown in Fig. 4 . The calculated values of at three typical angular positions are listed in Table I, where and denote the values corresponding to the strengthening and weakening actions of the stator winding current of 1 A to the PM flux, respectively, and is the average value of and . By using (4), the calculated torque waveforms, including , and their resultant , under the rated of 4.78 Nm are shown in Fig. 5 . It can be found that is significantly dominant over . In order to illustrate the effect of control angles on the operating torque ripple, computer simulations are carried out based on two sets of control angles:
• Case A: , , , , Nm; • Case B: , , , , Nm. When operating at Case A, the calculated waveform of is shown in Fig. 6(a) . The corresponding is 81%. On the other hand, when operating at Case B, the calculated waveform of is shown in Fig. 6(b) . The corresponding is 68%. Hence, the reduction of operating torque ripple is 13%. It indicates that at a given , the selection of proper control angles can alter the operating torque ripple. Nevertheless, the selection of control angles is limited by the commutation angle for current commutation. Thus, the controllable ranges of , , , and are [2 , 10 ] , [20 , 28 ] , [32 , 40 ] , and [50 , 58 ], respectively.
B. Experimental Results
After prototyping the aforementioned DSPM motor, a series of experimentation is conducted. First, the motor is coupled to a dc motor, and operates as a generator. Hence, its open-circuited back emf at the rated speed is measured as shown in Fig. 7 . It can be seen that it closely agrees with the calculated waveform shown in Fig. 4 . Second, the inductance values at three typical angular positions are measured by using the peak value method [10] which takes into account the influence of the stator winding current on the PM flux. As shown in Table II , and are the measured inductance values corresponding to the strengthening and weakening actions of the stator winding current of 1 A to the PM flux, respectively, and is the average value of and . Compared with those calculated values listed in Table I , the measured values closely agree with the calculated ones. Therefore, the calculated and with respect to are verified. In order to directly measure the torque ripple of the DSPM motor, a transient torque transducer is mounted between the motor and the dynamometer. For the sake of illustration, the stator winding current is also measured by a current transducer. The measured torque and current waveforms of the motor operating at Cases A and B are shown in Fig. 8(a) and (b) , respectively. As expected, the measured torque waveforms have a significant discrepancy with those calculated waveforms shown in Fig. 6 . This discrepancy is due to the fact that the calculated torque waveforms in Fig. 6 take into account the operating torque ripple only, whereas the measured torque waveforms consist of all torque ripples, namely the operating, practical, and manufacturing torque ripples. Notice that both the practical and manufacturing torque ripples are very difficult to be modeled mathematically. Nevertheless, these torque ripples can be roughly considered as a constant value at a given . From Fig. 8(a) , it can be found that the measured is 122% when the motor is operating at Case A. Compared with the calculated of 81%, there is a difference of 41% which can be considered as the contributions from both the practical and manufacturing torque ripples. On the other hand, Fig. 8(b) shows that the measured is 108% when the motor is operating at Case B. After subtracting the 41% contributed from the practical and manufacturing torque ripples, the resulting of 67% (contributed from the operating torque ripple) closely agrees with the calculated of 68%. It should be noted that the above assumption on using a constant value to account for practical and manufacturing torque ripples is valid only for a particular load or set of control angles. At different loads or control angles, the value of practical and manufacturing torque ripples will be different. Thus, the proposed conduction angle control is to reduce or minimize the operating torque ripple only. The corresponding control angles may have a slight discrepancy with the actual optimal control angles for minimization of all categories of torque ripples. 
IV. TORQUE RIPPLE MINIMIZATION
Although the aforementioned conduction angle control can reduce the operating torque ripple, the selection of proper control angles is ad hoc. It is desirable to optimize those conduction angles in such a way that the torque ripple can be minimized. Since (15) is not a simple function, it is hardly possible to carry out the optimization by using analytical methods. Thus, the GA is newly adopted for such optimization.
The basic principle of GA is to emulate natural evolution, namely the survival-of-the-fittest mechanism in nature [7] . A possible solution of a problem is an individual which can be represented by a set of parameters. These parameters are regarded as the genes of a chromosome, and can be represented by a string of binary values. A positive value, generally termed as the fitness, is used to reflect the degree of goodness of the chromosome for the problem. In each cycle of genetic operation, termed as the evolving process, a subsequent generation is created from the chromosomes in the current population. The cycle of evolution is repeated until a termination criterion is reached. This criterion can be set by the amount of variations between successive generations, the predefined fitness, or the number of evolution cycles.
The GA optimization is effective at solving complex, combinatorial, and related problems [8] , [9] . It is a global optimizer while other common techniques such as the conjugate gradient and quasi-Newton methods are termed as local optimizers. The key difference between the GA and other local optimizers is that the GA one is essentially independent of the initial conditions while the local one is highly dependent on the initial guess. Moreover, the GA optimizer can readily handle discontinuous and nondifferentiable functions. By nature, the GA optimizer is inherently a maximizer. In order to search a minimum of the torque ripple, the fitness function for minimizing is defined as (16) where is a positive number larger than the largest expected value of . Based on computer simulation of the GA optimization shown in Fig. 9 , the optimal control angles under the rated are obtained, namely , , , . Hence, the calculated waveform of is shown in Fig. 10 . The corresponding is 27.4%. Compared with at Case A, the operating torque ripple using the GA is significantly reduced by 53.6%.
In order to realistically assess the GA optimizer, it is implemented by digital hardware. Under the rated , the optimal control angles are online deduced as , , ,
. The corresponding torque and current waveforms are measured as shown in Fig. 11 . It can be found that is 62%, which includes the practical and manufacturing torque ripples. After subtracting the 41% contributed from the practical and manufacturing torque ripples, the resulting becomes 21% (contributed from the operating torque ripple) which is lower than the calculated of 27.4%. This further improvement is due to the fact that the online GA optimizer can also reduce the practical and manufacturing torque ripples in a trial-and-error way.
V. CONCLUSION
In this paper, the torque ripple of DSPM motors has been analyzed, and the torque ripple factor has been newly derived to assess the operating torque ripple. To reduce the operating torque ripple, a new conduction angle control approach has been proposed and verified. The GA optimization has also been adopted to optimize the control angles, hence, minimizing the torque ripple. Both computer simulation and experimental results have confirmed the effectiveness of the proposed approach. This approach is so general that it can readily be extended to other salient-pole motors. He is currently an Associate Professor at The University of Hong Kong. His teaching and research interests focus on three main areas: power converters, machines and drives, and electric vehicles. In these areas, he has authored more than 100 published refereed technical papers and several industrial reports. He has also served as chair and organizing committee member for many international conferences. He is the coauthor of a monograph, Modern Electric Vehicle Technology (London, U.K.: Oxford Univ. Press, 2001).
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